We consider the Brownian motion of a cc pair produced in the very early satge of a 
Introduction
Charmonium i.e., J/ψ suppression [1] continues to be one of the most hotly debated signatures of the production of a quark-gluon plasma in ultrarelativistic heavy ion collisions.
Both the initial formation and subsequent survival probabilities of the J/ψ are affected by several factors viz. scattering with hard partons [2] , Debye colour screening [1] , drag and diffusion arising from Brownian motion [3, 4] , evolution of the plasma via hydrodynamic flow [5] , etc. Although the theoretical time scales for gluonic dissociation vs colour screened break-up are well known [6] the time scales for the swelling/ionization of J/ψ caused by Brownian movement are not yet understood satisfactorily, and the aim of the present paper is to focus attention on this aspect.
The classical 3-dimensional Fokker-Planck equation for the distribution function of a single charmed quark propagating in a plasma was first studied by Svetitsky [3] .
Assuming soft scattering with the partons he found the associated Boltzmann transport coefficients for drag and diffusion to be rather large but he ignored the force which binds the cc pair. Plotnik and Svetitsky [7] extended this philosophy to the case of two-particle Fokker-Planck dynamics in the presence of a colour singlet/octet potential between the pair. However, since no attempt was made by them to actually solve the resulting 13 variable partial differential equation, hence no simple estimate was given for the time scales of the cc pair.
In the present work we adopt a different approach based on analyzing the onedimensional Langevin equation for the stochastic trajectory of a cc pair initially bound by a screened Coulomb field. It is known since long ago [8] that the Langevin theory provides a valid description of classical Brownian movement of a test particle acted upon simultaneously by a driving interaction, frictional force, thermal agitation, and random noise. In Sec.2 below we write formal solutions to the underlying equations of motion and obtain compact expressions for the purely mechanical observables at small and large times. Stochastic averaging of the observables is done in Sec.3 so as to deduce statistical properties (viz. means, variances, time scales, etc.) of the system. Sec.4 gives simple, order-of-magnitude estimates of the relevant time scales and discusses the result visa-vis other mechanisms of J/ψ suppression. Finally, Sec.5 mentions several additional complications which would have to be incorporated in future applications of the theory.
Purely Mechanical Observables

2A. Assumptions & notations
For a nonrelativistic cc pair propagating in a spatially homogeneous plasma the net external colour force due to the background is zero although the internal screened Coulomb potential (assumed to be colour singlet) survives. Working in the barycentric frame and adopting a one-dimensional view we can describe the motion of an effective single particle by defining 
The space derivative f ′ and total time derivativeḟ of the force are written as
Since the pair potential V depends upon |x| the symmetry relations
hold as shown schematically in Before proceeding further a few important comments are in order. One-dimensional stochastic models [8, 9] have been found very useful in the past because they are mathematically simple and can also simulate purely radial motion in three dimensions. The choice C = 2mγT guarantees that the test particle's distribution at asymptotic time would become Maxwell-Boltzmann at background temperature T in accordance with the fluctuation-dissipation theorem [10] . Due to the same reason the single diffusion parameter D = T /mγ gets fixed in terms of the temperature and the damping coefficient.
All these remarks are, however, subject to alterations as will be pointed out later in Sec.
4.
2B. Langevin equation & the velocity
The basic ordinary differential equation to be considered iṡ
subject to the initial conditions
For a free particle and a harmonic oscillator, Eq.(2.4) was solved explicitly by Chandrasekhar [8] but the present case is more difficult because f is a nonlinear function of x. Using the integrating factor e γt we obtain a formal solution for the velocity as
Here the contributions arising from free Rayleigh motion, the driving force, and the random noise are respectively given by
with t 1 being an integration time and
At small times the driving force can be approximated by a first-order Taylor expansion
where the suffix 0 refers to the instant when the J/ψ was produced and the dots represent nonleading terms. Substituting into Eqs.(2.6), (2.7) we get the initial behaviour of the velocity and its square as
Since the piece w containing noise may fluctuate rapidly with time its Taylor expansion is not attempted. Next, at large times the piece v in Eq.(2.7) can be integrated by parts once to yield the Rayleigh estimate
But the asymptotic value of f is essentially zero both for a bound system (where the particle tends towards a point of stable equilibrium) as well as unbound one (where the particle tends to fly away). Therefore, we arrive at the leading asymptotic behaviours
2C. Analysis of Langevin trajectory
Integrating Eqs.(2.6), (2.7) with respect to t we obtain the position, i.e., the relative separation between the cc pair x = x fr + y + z (2.14)
Here the contributions arising from free Rayleigh motion, the driving force, and the random noise are respectively read-off from
with K tt 1 being a useful kernel defined by
At small times the Taylor expansion (2.8) of the force can be used to deduce the following initial behaviour of the trajectory and its square
where
At large times the sum x fr + y tends to the quantity
whose value, however, is not known apriori. For a bound system X ∞ may coincide with a point of stable equilibrium in the field f . However, if the particle becomes unbound then X ∞ may look like x 0 + u fr ∞ /γ with u fr ∞ being the final velocity of free Rayleigh motion. Thus we obtain at the asymptotic behaviour
where no asymptotic expansion is attempted for the fluctuating term z.
D. Treatment of Langevin energy
Finally we turn to the mechanical energy E = mu 2 /2+V . Remembering the dash-dot notation specified by Eq.(2.2) the rate of change of E becomeṡ
whose formal solution is
At small times the initial behaviour (2.9 -2.10) of the velocity can be inserted into Eq.(2.23) to yield
At large times if the system remains bound then E tends to a value below the ionization thresholds. However, if the system does ionize then the velocity u tends to w while the short-range potential V approaches zero. Hence, for disintegrated pair
Eqs.(2.7 -2.24) describe the main, purely mechanical, properties of interest to us; many of these expression may be regarded as new for general shape of the driving force f .
Stochastic Averaging A. Statistical input
In analogy with Chadrasekhar's work [8] stochastic means will now be taken with respect to the initial velocity u 0 , initial position x 0 , and the Gaussian distributional of the noise h. For a genuine bound state obeying the virial theorem the input expectation values read
where ∆ u0 and ∆ x0 are the velocity spread and position spread, respectively, in the barycentric frame of the J/ψ produced at t = 0. At general t the fluctuating velocity piece w and fluctuating position piece z have the properties
2)
The informations (3.1) and (3.2) will be utilized below.
B. Initial behaviour of averaged observables
Let us return to Eqs.(2.9), (2.10), (2.17), (2.18), (2.24) describing the velocity, position, and energy at small times. Clearly J 0 = 0 and K 0 = 0 since f 0 is an odd function of x 0 in view of the assumption (2.3). Therefore, using the inputs (3.1 -3.2)
we deduce
where ∆ u is the velocity spread, ∆ x is the position spread, the dots stand for nonleading terms, and the extra coefficients written are
Eqs. . In other words, Brownian movement can cause the bound state to swell substantially within a time scale
iii) The linear time-dependence of average energy E is controlled by the constant
Obviously, E increases with t if g E > 0 i.e. if T > m∆ 2 u0 and it becomes zero at a time τ E satisfying g E τ E = − E 0 . In other words, Langevin dynamics can cause cc to ionize after a time span
(iv) At this stage a couple of remarks must be added on the situation where inequalities on the coefficients get reversed, i.e.
The possibility I x < 0 physically implies that the contraction caused by the force term 
3C. Asymptotic behaviour of averaged observables
Let us assume that J/ψ has disintegrated under the above-mentioned conditions and examine Eqs.(2.13), (2.21), (2.25) describing mechanical properties at large times.
Employing the statistical inputs (3.1 -3.2) one finds
where the contribution to ∆ 
where α s is the squared QCD coupling constant, b the Debye screening length, and
Various parameters of interest have typical values [3] given by the following two sets :
and Set II m = 0.75 GeV, α s = 0.6
Note that γ has been identified with the drag coefficient A appearing in Fig.2 of Ref. [3] and Fig.4 .1 of Ref. [7] after replacing an incorrect numerical factor of 1024 by 512.
B. Initial semiclassical properties
Strictly speaking, the variances ∆ 
The angular momentum value
which can be solved numerically to get the radius |x 0 | in terms of b. Thereby we can
C. Time scales
It is now straight forward to evaluate the coefficients g u , I x = g u /3, and g E = mg u /2 defined by Eq. (3.4) . There are three time scales viz. γ −1 , τ x = (∆ 2 x0 /I x ) 1/3 , and τ E = − E 0 /g E of interest in the present problem. All our numerical results are summarized in Table 1 corresponding to the two parameter sets (4.2 -4.3).
D. Discussion
From a physical viewpoint the time scales γ −1 , τ x , and τ E represent respectively the frictional relaxation, positional swelling, and approach to ionization. A glance at Table   1 reveals that in the case of Set I (characterized by a weaker coupling constant α s =0.4)) both τ x and τ E are positive and less than γ −1 . Hence Brownian movement can cause a genuine break-up of the cc bound state in accordance with Eqs.(3.5, 3.6) above.
On the other hand, in the case of Set II (characterized by a stronger coupling constant α s =0.6), τ x is imaginary and τ E are negative i.e. unphysical. Hence random force plus diffusion cannot cause the cc bound state to dissociate in accordance with Eq.(3.7) above.
Before ending we must remark that, in the context of J/ψ suppression, Langevin dynamics seems to be almost as important as other mechanisms (such as gluonic dissociation and Debye screening) invoked to explain the RHIC and LHC data. Evaluation of the charmonium survival probability [2, 6] as a function of the transverse momentum reveals that typical time scales corresponding to the Debye and/or gluonic mechanisms are 5 -10 fm/c. These numbers are quite comparable to the Langevin times τ x and τ E of Table 1 (Set I) inspite of the differences in the input parameters T and µ D .
Additional Complications
The above analysis is based upon some oversimplifications which, during future applications, will have to be refined in the following respects :
(a) Three dimensional motion may be considered using Cartesian/polar coordinates so as to bring out the role of angular momentum. (b) Since the cc pair may be in a colour singlet or octet state [7] a coupling between these channels may be incorporated.
(c) The possibility of having different diffusion constants along the longitudinal and transverse directions should be allowed so that the asymptotic equilibrium distribution of the charmed quark acquires a Tsallis shape [11] instead of the Boltzman form. (d) Since the initial state of the charmonium is necessarily quantum mechanical, a path-integral based density matrix should be formulated by taking hints from single-particle [12] or 
